The aim of this study was to evaluate agerelated changes and the effect of dietary Zn concentration on morphological and immunological characteristics in the gastrointestinal tract of piglets. A total of 96 purebred Landrace piglets were weaned at the age of 26 ± 1 d, and randomly allocated into 3 treatment groups fed with low (57 mg Zn/kg), medium (164 mg Zn/kg), and high (2425 mg Zn/kg) dietary Zn (ZnO). Piglets (4 males and 4 females per treatment group) were killed at 33 ± 1, 40 ± 1, 47 ± 1, and 54 ± 1 d of age. In the jejunum, villus height, crypt depth, and the number of goblet cells producing neutral, acidic, sulfated, and sialylated mucins were measured. Intraepithelial lymphocytes were characterized by flow cytometry and the gene expression of mucin 2 (MUC2), mucin 20 (MUC20), β-defensin 3, and trefoil factor 3 (TFF3) was determined by reverse transcription quantitative PCR. Villus height and crypt depth in the jejunum showed age related differences (P < 0.01), whereas the dietary concentrations of Zn had no effect. The mucin types were modified mainly by age, and dietary Zn had no effect in the proximal jejunum. In the distal jejunum, age and Zn had effects on the mucin types. The abundance of sulfomucins decreased (P < 0.001) and sialomucins increased with age (P < 0.001), while high dietary ZnO reduced the sulfomucins (P < 0.001) and increased the sialomucins (P < 0.05) in the crypts. The phenotypes of lymphocytes in the epithelium of the proximal jejunum showed relatively constant percentages of T-cells, as well as natural killer cells. High dietary Zn treatment led to a reduced abundance of CD8 + γδ T-cells (P < 0.05). The apportionment of different cytotoxic T-cell was age dependent. Although the percentage of CD4 -CD8β + increased (P < 0.01), the relative amount of CD4 + CD8β + decreased with age (P < 0.05). The expression of MUC2 and MUC20 was not influenced by age or dietary Zn concentration. High Zn intakes resulted in a reduced gene expression of β-defensin 3 (P < 0.05), but did not affect the expression of TFF3. It is concluded that Zn in the form of ZnO appears to have specific effects on the innate and adaptive gut associated immune system of piglets. These might contribute to the positive effects of Zn on the prevention of postweaning diarrhea.
INTRODUCTION
The development of the digestive tract, as well as the associated innate and specific defense mechanisms, is very important for the development of optimized feeding concepts in pigs (Pluske, 2013) . The gastrointestinal tract of piglets after birth undergoes a dynamic maturation process, which includes morphological, resorptive, and other functional aspects such as the mucosa-associated immune system (Simon, 2010) . The mucus is particularly important because it is the first layer contact with the intestinal contents, that is, digesta and intestinal microbiota IniguezPalomares et al., 2011) . Furthermore, studies on the development of the gut-associated immune system in piglets showed that considerable changes occur during early life (Brown et al., 2006; Scharek et al., 2007) .
Diet plays an important role in maturation and modulation of the gut-associated immune system. Several dietary factors have been shown to be essential for the development of gut function, as well as the immune system (Castillo et al., 2008) . In addition, ZnO supplementation has been shown to be associated with changes in the expression of genes that are responsible for maintaining nonspecific defense mechanisms (Sargeant et al., 2010) . High dietary Zn intakes in pigs have been frequently shown to improve performance, change the composition of the intestinal microbial communities, and reduce the incidence of intestinal disorders (Li et al., 2001; Hojberg et al., 2005) . Whether this is also related to changes in the intestinal innate or adaptive immune response is not clear yet. Therefore, the objective of this study was to examine the effects of 3 different concentrations of dietary Zn on gut morphology, mucin composition, and the development of the specific and nonspecific gut-associated immune system in weaned piglets.
MATERIALS AND METHODS
Pig handling and treatments were conducted in accordance with German law for the care and use of experimental animals. All procedures were approved by the State Office of Health and Social Affairs, Berlin (LaGeSo Reg. No. 0347/09).
Animals, Diets, and Sampling
A total of 96 purebred Landrace piglets from 12 litters were weaned at the age of 26 ± 1 d (mean BW: 7.5 ± 1.2 kg) and randomly allocated into 3 treatment groups, balancing for litter and sex. Piglets were housed in commercial flat-deck pens (2 piglets per pen) with stainless steel framings. Room temperature was maintained at 26°C on the day of weaning and reduced at regular intervals to achieve 22°C 1 wk postweaning. The humidity was kept constant and the lightning program was maintained at 16 h light and 8 h dark in each day. Feed was provided in dry form from stainless steel bowls, and water was provided ad libitum from nipple drinkers. From 12 d of age, piglets were provided the nonmedicated prestarter diet. After weaning, piglets received a mash starter diet until 54 d of age. Piglets in each group received 1 of 3 experimental diets based on wheat, barley, and soybean meal (Table 1) . The analyzed concentration in the basal diet was 34 mg Zn/kg DM and the target Zn concentrations of the 3 diets were adjusted by replacing corn starch with analytical-grade ZnO. The final concentrations were adjusted to as low (57 mg Zn/kg), medium (164 mg Zn/ kg), and high (2425 mg Zn/kg) dietary Zn.
Piglets (4 males and 4 females per treatment group) were killed at 33 ± 1, 40 ± 1, 47 ± 1, and 54 ± 1 d of age. Pigs were sedated with 20 mg/kg BW of ketamine hydrochloride (Ursotamin; Serumwerk Bernburg AG, Bernburg, Germany) and 2 mg/kg BW of azaperone (Stresnil; Jansen-Cilag, Neuss, Germany) before euthanization by intracardial injection of 10 mg/kg BW of tetracaine hydrochloride, mebezonium iodide, and embutramide (T61; Intervet, Unterschleißheim, Germany). The entire intestinal tract was removed and the small intestine was separated from the large intestine and the mesentery. Two sections from the proximal (2 cm from the pylorus) and distal (2 cm from the ileo-cecal junction) jejunum were fixed immediately in Bouin's solution for histological examinations. Approximately 20 cm of proximal jejunum was used for phenotypic analysis of intraepithelial lymphocytes (IEL) 3 Analyzed, except ME, which was estimated.
by flow cytometry. Another 5-cm piece of jejunum was snap-frozen in liquid N and stored at -80°C until mRNA extraction and gene expression analysis.
Histochemistry
Samples from the proximal and distal jejunum were fixed in Bouin's solution for 3 d, subsequently rinsed several times in 70% ethanol to remove the remains of picric acid, dehydrated in a graded series of ethanol, and cleaned with xylol. The tissues were embedded in paraffin wax according to standard protocols (Romeis, 1989) . Five-micrometer sections were cut from the paraffin blocks using a rotary microtome for subsequent staining procedures. The sections were deparaffinized with xylene, rehydrated in a descending series of ethanol, and routinely stained with hematoxylin and eosin. They were examined with a microscope (Photomicroscope III, Zeiss, Oberkochen, Germany), a digital camera (Olympus DP72, Tokyo, Japan), and analyzed with cellSens imaging software (v. 1.4, Olympus). Ten villi and corresponding crypts were randomly chosen from different well-orientated parts of the sections, where most of the villi and crypts were cut longitudinally from the tip of the villi to the bottom of the crypts in the stained sections. Morphometric characteristics included villus height (from the tip of the villus to the villus-crypt junction), crypt depth (from villus-crypt junction to the base of the crypt), and villus height to crypt depth ratio.
To distinguish different mucin types characterized by the carbohydrates present, the following staining techniques were used. The Alcian blue-periodic acidSchiff (AB-PAS) staining procedure (Mowry, 1963) was performed to distinguish neutral and acidic mucin in goblet cells. The neutral mucin containing in goblet cell was stained magenta, and acidic mucin was stained blue. The mixture of neutral-acidic mucins showed purple, magenta-purple, or blue-purple colors in goblet cells. Meanwhile, to identify sialomucin and sulfomucin, sections were stained with the high iron diamine-Alcian blue (HID-AB) technique, including counterstaining with nuclear fast red (Spicer, 1965) . As a result, the sulfomucin was stained black, sialomucin was stained blue, and a mixture of sulfo-sialomucins was resulted in black and blue colors. For the quantification of the different mucin chemotypes containing goblet cells, 10 villi and corresponding crypts were randomly chosen from different well-orientated parts of the sections, where the goblet cells showed clear staining characteristics in sections from each piglet stained with AB-PAS and HID-AB methods. Goblet cells containing the different mucin types were counted in villi and crypts. The corresponding basement membrane length was used as reference, and the number of the goblet cells with different mucin types was expressed as quantity in per 1 mm of the basement membrane length.
Flow Cytometric Analysis
The isolation of the intraepithelial cells was performed as described previously (Solano-Aguilar et al., 2000) with slight modifications. To isolate the IEL, the intestinal segment was inverted, tied at one end, filled with PBS and tied at the other end. The inverted sack was then incubated in 80 mL Hanks Balanced Salt Solution (HBSS) containing dithiotreitol (DTT), HBSS without Ca 2+ and Mg 2+ , 2 mM DTT, and 0.01 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and gently shaken for 5 min at 37°C. The medium was discarded and replaced with 80 mL HBSS-EDTA (HBSS without Ca 2+ and Mg 2+ , 1 mM EDTA, and 1 mM HEPES). A second incubation was performed for 35 min at 37°C with gentle shaking. The cell suspension was sieved through a sterile 210-μm nylon mesh, collected in 50 mL plastic tubes, and centrifuged at 600 × g for 10 min at 4°C. The resulting cell pellets were resuspended in 25 mL Roswell Park Memorial Institute (RPMI)-1640 medium and kept at 8°C. This procedure was repeated with the original tissue section, and both cell suspensions were combined and centrifuged again. Sediments were resuspended in 25% Percoll diluted in HBSS and centrifuged at 600 × g for 30 min at room temperature. The top layer was aspirated and discarded, the Percoll solution was decanted, and the cell sediment was suspended in RPMI medium. Single-and double cellstainings were performed as previously described (Mafamane et al., 2011) . Monoclonal antibodies were used to identify surface molecules. The clone notations, the respective clusters of differentiation (CD), and the antibody distributors are presented in Table 2 . The resulting suspensions (containing leukocytes and epithelial cells) were subjected to flow cytometry (FACSCalibur; Becton Dickinson GmbH, Heidelberg, Germany). To analyze the proportion of the stained cells a lymphocyte gate was constituted following morphological criteria. Percentages of positive immune cells reflect the distribution of certain subpopulations within the relevant lymphocyte gate.
RNA Extraction and Gene Expression Analysis
Total RNA was extracted from 30 mg of jejunal tissue using a kit (NucleoSpin RNA II Kit; MachereyNagel GmbH & Co. KG, Düren, Germany). Then, the concentration of extracts was determined by measuring absorbance at 260 and 280 nm (NanoDrop Technologies, Inc., Wilmington, DE). The quality and purity of mRNA was checked on a bioanalyzer (model 2100, Agilent Technologies, Waldbronn, Germany). All samples were diluted in RNA-free water to 100 ng/μL for gene expression analysis. The expression of the following target genes was analyzed: mucin 2 (MUC2), mucin 20 (MUC20), trefoil factor 3 (TFF3), and β-defensin 3. Expression of 60S ribosomal protein L19 (RPL19), 60S ribosomal protein L13 (RPL13), and β-2-microglobulin (B2M) were used as housekeeping genes for data normalization (Table 3 ). The reverse transcription quantitative PCR (RT-qPCR) was performed using the one-step master mix kit (Brilliant II SYBR Green; Agilent Technologies, Santa Clara, CA). Each reaction consisted of 1 μL diluted template RNA (100 ng/μL) and 25 μL master mix (10.5 μL RNase free H 2 O, 12.5 μL SYBRII RTqPCR reaction buffer with ROX and SYBR-Green, 0.5 μL each of 10 µmol/L gene-specific forward and reverse primers, and 1.0 μL Reverse Transcriptase/RNase block enzyme mixture). The amplification was performed (MX3000p; Stratagene, Amsterdam, the Netherlands) with general cycling conditions as follows: 1 cycle of reverse transcription for cDNA synthesis at 50°C for 30 min, and 1 cycle of denaturation at 95°C for 15 min, followed by 40 cycles with 30 s at annealing temperature given in Table 3 for each primer and 30 s extension at 72°C. The PCR efficiency and melting curves were checked to ensure consistent amplification of a single PCR product. Standard curves were generated using serial dilutions of pooled RNA (within a range from 5 to 200 ng/μL) from 20 samples to convert Ct values into arbitrary values. These arbitrary values were then normalized using the mean values of the housekeeping genes and mean arbitrary values were used for statistical comparisons .
Statistical Analysis
Statistical analysis was performed using SPSS 19.0 (Chicago, IL). Data on jejunal morphology, the differentiation of mucin chemotypes, IEL, and the gene expression of MUC2, MUC20, β-defensin 3, and TFF3 were analyzed using 2-way ANOVA. The fixed factors were diet (3 concentrations of 57, 164, and 2425 mg Zn/kg diet) and age (33, 40, 47, and 54 d) , and pen, litter, and boar were as random factors. Diet effects were analyzed for each age group, and results were presented as mean values. Differences were considered significant at P < 0.05.
RESULTS

Morphometric Data of Villus Height and Crypt Depth in the Jejunum
Villus height increased with age in both segments of the jejunum, while age affected crypt depth only in the distal jejunum (P < 0.01; Table 4 ). The villus height to crypt depth ratio increased in age dependent manner in both segments of the jejunum (P < 0.001). Morphometric characteristics were not influenced by the different dietary Zn intakes.
Mucin Chemotypes in Jejunal Goblet Cells
The different mucin chemotypes were affected by age, but no diet-related effect was observed in the proximal jejunum (Table 5 ). In the villi of the proximal jejunum, older piglets had a greater abundance of goblet cells containing mixed neutral-acidic mucins and total number of mucins (P < 0.001); however, very few goblet cells producing acidic mucins were detected. In the crypts, the number of acidic mucins in goblet cells decreased with age (P < 0.05), while the abundance of mixed neutral-acidic mucins and total mucins increased in the first 2 wk postweaning, then the cells were reduced after 40 d of age (P < 0.05). Moreover, in the villi, goblet cells produced mainly sulfomucins and their numbers increased with age (P < 0.001), but sialomucins and mixed sulfo-sialomucins were either absent or rarely found. In the crypt, the sulfomucins increased during the 2 wk postweaning, then decreased after 40 d of age (P < 0.01). In contrast, the number of goblet cells with sialomucins increased with age (P < 0.01).
In the distal jejunum, the different mucin chemotypes were affected by age and dietary Zn concentration (Table 6 ). Neutral mucins in the goblet cells increased with age in both villi and crypts (P < 0.05). In the villi, sialomucins and mixed sialo-sulfomucins were not detected or rarely found, the distribution was similar to in the proximal jejunum. However, in the crypts, there were effects on cells producing sulfomucins and sialomucins by age and dietary Zn concentration. The abundance of goblet cells with sulfomucins decreased (P < 0.001), while sialomucin-producing cells increased with age (P < 0.001). High Zn supplementation reduced the number of goblet cells containing sulfomucins (P < 0.001) and increased the sialomucins (P < 0.05). The cells with mixed sulfo-sialomucins were not affected by age or dietary Zn concentration in the crypts in proximal and distal jejunum. 
Phenotyping of Intraepithelial Lymphocytes
The percentage of intraepithelial CD3 + T-cells and CD2 + CD5 -natural killer cells was relatively constant and not affected by diet or age in the distal jejunum (Table 7) . The piglets fed the high dietary ZnO had a decreased percentage of T-cells with the CD8 + γδ phenotype (P < 0.05) regardless of the age. The percentage of several cytotoxic T-cell clusters changed, and the phenotypes CD4 -CD8β + increased (P < 0.01) and CD4 + CD8β + decreased (P < 0.05) depending on age.
Gene Expression in the Jejunum
The expression of MUC2 and MUC20 mRNA were not affected by either age or Zn supplementation (Table 8 ). The expression level of β-defensin 3 was lower at high dietary Zn intakes (P < 0.05). The TFF3 expression was influenced by age (P < 0.05), and it increased during 3 wk after weaning and then decreased.
DISCUSSION
The growth performance was evaluated over the 4-wk period after weaning. No differences and only low incidence of diarrhea were observed, and the average daily gain and feed intake were increased with the high concentration of dietary Zn in the first 2 wk but not over the 4-wk period in a previous study (Martin et al., 2013) . On the basis of the clinical investigation, the influence of age and Zn concentration on morphological and immunological characteristics were further determined in the present study. Changes of villus height and crypt depth are considered as key measurements for the assessment of gut maturation and nutritional effects. The range of data collected here is well comparable with values reported for animals in the corresponding age (Miller et al., 1986; Cera et al., 1988) . However, the dietary Zn concentrations did not affect intestinal morphology in the current study. Zinc plays a major role in the regulation and differentiation of the intestinal tissues, likely mediated through molecular regulators that include Zn finger proteins such as Krüppel-like factor 9 (Simmen et al., 2007) . Severe Zn deficiency has been shown to reduce cell influx into the villi, causing morphological and functional changes in the small intestine of rats (Southon et al., 1985) . Zinc intake in the current study was slightly reduced in the low-Zn treatment group compared with the estimated requirements of young pigs (GfE, 2006; NRC, 2012) . However, studies in piglets showed an almost undisturbed architecture of the small intestinal tissue even with moderate Zn deficiency (Lalles et al., 2007) . In a previous study, the administration of high concentration of dietary Zn moderately increased the villus height and tended to decrease the crypt depth in the lower small intestine in piglets (Li et al., 2001) , whereas no clear effects of high dietary Zn on intestinal morphology were observed by others (Hedemann et al., 2006) . Thus, it seems that the impact Piglets (4 males and 4 females per treatment) were killed at 33 ± 1, 40 ± 1, 47 ± 1 and 54 ± 1 d of age. The results are presented as mean numbers of goblet cells containing different mucins per 1 mm basement membrane.
2 Neu = neutral mucin; Acid = acidic mucin; NA = mixed neutral and acidic mucins; Total = total number of AB-PAS positive goblet cells; Sulfo = sulfomucin; Sialo = sialomucin; SS = mixed sulfo-sialomucins; and ND = not detected.
of dietary Zn intake on the intestinal morphology is limited under normal physiological conditions. This could also be due to the generally good hygienic conditions in the current study. Positive effects of dietary Zn on intestinal morphometric characteristics might be more pronounced under suboptimal or on-farm conditions when intestinal health is more impaired and epithelial apoptosis is increased.
Mucins have multiple physiological roles, acting as diffusion barrier, and natural defense mechanism and providing a microecological habitat (Ganz, 2002; Lievin-Le Moal and Servin, 2006) . The ratio of neutral to acidic mucins in the gastrointestinal tract has a spatial pattern, and pigs have a greater proportion of acidic mucins in the hind gut (Deplancke and Gaskins, 2001 ). Mucus secretion is known to be affected by weaning and the age of animals (Brown et al., 1988; Choi et al., 1991) , the composition of the intestinal microbiota (Collinder et al., 2002) , and dietary treatment (Hedemann et al., 2009) . The composition of different mucins might be of importance with respect to binding of specialized bacteria and changing the intestinal microbial community composition during the postweaning period. The histochemical approach to the study of mucin is highly informative (Corfield, 2000) , and the previous studies used this method to determine mucin distribution and quantify the number and the staining area of mucin-secreting goblet cells (Law et al., 2007; Boonzaier et al., 2013) . In the present study, the number of goblet cells with different mucins changed depending on the age of the piglets and, to a lesser degree, with dietary Zn concentration. Age effects on goblet cells containing mucins in piglets were described in other studies (Dunsford et al., 1991; Brown et al., 2006) .
In our study, the number of goblet cells producing acidic mucin was decreased with age in the crypts of proximal jejunum. Goblet cells with acidic mucins, sialomucins, and mixed sialo-sulfomucins were either not observed or rarely found in the villi. The sialomucins and sulfomucins are subchemotypes of acidic mucins. The results showed that the goblet cells in the villi were mainly positive for sulfomucins. This staining characteristic was consistent with a previous study (Brown et al., 1988) . Newly produced goblet cells seem to secret sialomucins preferentially and are mainly located in the lower crypt (Olubuyide et al., 1984) , whereas mature goblet cell migrate up the crypts and villi in the small intestine with switching to sulfomucin production (Brown et al., 1988) . The distribution of cells producing sialomucins and a mixture of sulfo-sialomucins in the villi of distal jejunum were similar to in the proximal segment, but the cells with acidic mucins were found more in the proximal jejunum. Interestingly, in the crypt, sialomucins and sulfomucins showed similar age-dependent changes in both proximal and distal jejunum. Generally, the sulfomucins decreased and sialomucins increased with age.
The appearance of acidic mucins seems to be particularly important in the early development, acting in a protective role for the immature immune system (Cebra, 1999) , and the transformation from predominately sulfated mucins to sialylated mucins might be a defense strategy in young animals (Forder et al., 2007) . Both sulfate and sialic acid groups have protective roles. Sialylated mucins, compared with sulfated mucins, have more acetyl groups that could inhibit enteric bacterial sialidases (Corfield et al., 1992) . The colonic mucins are highly sulfated and sialylated in newborn piglets (Turck et al., 1993) . Moreover, piglets fed the high dietary Zn level produced more sialomucins and less sulfomucins in the jejunal crypts, indicating an improved defense situation. Additionally, the mixed neutral-acidic mucins and the total mucins were increased with age in proximal jejunum. These changes of mucin profiles with age may attribute to the maturation of the barrier function of the intestinal mucosa in piglets.
In the present study, 4 major lymphocyte populations were monitored in the porcine jejunal epithelium of the piglets. Shortly after weaning, the most frequent T-cell type was CD2 + CD5 -. On the basis of prior studies with porcine blood immune cells, this population is most likely natural killer (NK) cells Gerner et al., 2009) . Another frequent lymphocyte population was CD4 -CD8β + . This phenotype represents the classical major histocompatibility complex (MHC)-class I restricted cytolytic T-cells in the pig . The percentage of these cells increased with age, which has also been observed in blood samples from pigs, and in vitro tests hint to an antigen dependent proliferation of the CD4 -CD8β + cells . Furthermore, a minor population of CD4 + CD8β + cells was present in the jejunal epithelium of the piglets. Cells with this phenotype have been shown to express perforin, which was considered to be a marker for lymphocytes, which have an active cytolytic function . This IEL population was the smallest in the piglets and it decreased with age. Neither the relative numbers of these 2 cytolytic T-cell populations nor the portions of NK cells were clearly affected by the supplementation of Zn. However, the relative numbers of the CD8 + γδ T-cells were reduced due to high dietary Zn concentration. Because γδ T-cells recognize unprocessed nonpeptide antigen in an MHC-unrestricted manner (Tanaka et al., 1994) , they are an important branch of the innate immune system. Although the expression of perforin has not been shown in porcine γδ T-cells to date, the CD8 + subtype is described to have cytotoxic capabilities (Pauly et al., 1996; de Bruin et al., 1997; Yang and Parkhouse, 1997) . Interestingly, in contrast to all other lymphocyte populations in the porcine intestinal epithelium, these lymphocytes also act as antigen presenting cells (Takamatsu et al., 2002 , and even a memory function of these γδ T-cells is under discussion (Tsuji et al., 1996) . The T-cells represent a link between natural and adaptive immunity. On stimulation with the mitogen phorbol myristate acetate, porcine γδ T-cells produce a wide variety of cytokines and chemokines . Nanoparticles from ZnO activate antigen presenting cells and induce the expression of inflammatory signals to recruit neutrophils, macrophages, and lymphocytes (Palomaki et al., 2010) . However, because no increase in one or several immune cell populations was observed with the high dietary Zn supplementation, the observed relative decline in γδ T-cells was unlikely due to an increase of the other monitored IEL populations. More likely, the decreased portion of γδ T-cells could be a consequence of a lower pathogenic load or a reduced necessity to eliminate infected epithelial cells. This could set a link to the frequently observed changes in intestinal microbial ecology with high dietary ZnO levels (Hojberg et al., 2005; Starke et al., 2013) .
The expression of MUC2, MUC20, β-defensin3, and TFF3 in jejunal tissue was studied in response to dietary Zn levels and age. The MUC2 is the one of the major of secreted mucins expressed by both small intestine and colon (Einerhand et al., 2002; Dharmani et al., 2009) . The mucus layer is organized by the highly glycosylated MUC2 mucin (Johansson et al., 2011) , and MUC2 synthesis rate might be a potential factor for intestinal barrier function (Schaart et al., 2009) . Only a few studies determined the influence of nutritional factors on mucin gene expression in the intestinal tract of pigs. For example, high-protein diets increased the expression of MUC2 and MUC20 associated with increased mucosal cell turnover and proinflammatory markers . However, no influence of age or Zn supplementation was observed on the expression of MUC2 and MUC20 in the present study. The β-defensins play a critical role in the mammalian innate immunity. The concentrations with 25 and 100 μmol/mL of Zn sulfate could induce expressions of β-defensins in porcine epithelial cells line (Mao et al., 2013) . In our study, the expression of β-defensin 3 was downregulated by high Zn supplementation in piglets, while the medium concentration of dietary Zn induced the greatest expression of β-defensin 3. Relative transcripts of TFF3 were affected by bovine colostrum supplementation in piglets (Huguet et al., 2007) . However, the influence of Zn or other trace elements on the TFF3 gene was not reported until now. In the present study, the TFF3 mRNA expression was altered depending on age, with an increase during 3 wk after weaning. This may reflect the maturation of gut related immune mechanisms.
In conclusion, high concentration of dietary Zn had no effects on morphological characteristics in the jejunum of piglets. However, the specific modulation of mucin chemotypes, IEL, and gene expression of the gut epithelium might be important for the positive effects of Zn on the prevention of postweaning diarrhea.
